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INTRODUCTION

The purity of our drinking water is paramount, 
and there is widespread concern about its safety 
in the modern world (Kayvani fard and Manawi 
2014). The demand for and the supply of fresh 
water has increased continuously over the past 
two decades, making this problem increasingly 
important in relation to the alarmingly high rate at 
which the water shortage is predicted to increase 
by 2025 (Alkhudhiri et al. 2012). The membrane 
separation technique has shown the most promise 
and applicability in the desalination field during 
the past few decades, more renewable and cost-
effective processes due to its high performance 
(Rashad 2022). Membrane processes are easy to 
scale up because of their compact and modular 
nature devices with the potential for selective 
component transfer, low energy consumption, 
moderate operation temperatures, and simple 

product treatment (Hameed 2013). The key ben-
efit of membrane technology over conventional 
distillation techniques is the membrane’s ability 
to be applied at low input temperatures and lower 
pressure than membrane processes dependent 
upon pressure, such as reverse osmosis (Cheng 
et al. 2016). By using the membrane process, the 
substances and molecules are effectively excluded 
by the membrane, resulting in separating the inlet 
into two solutions: product and concentrate (Al-
Alawy and Al-Musawi 2013, Majeed 2016). In 
many regions in developing countries that experi-
ence water scarcity cannot afford the expensive 
conventional desalination technologies (Khalaf 
and Hassan 2019). Thus, a need for a low-cost 
desalination process that still yields potable water 
has prompted research into membrane distillation 
(MD). When the aqueous solution is heated to a 
suitable temperature, the MD process begins as 
the solution evaporates along on the side of the hot 
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feed that is near to the membrane. The pressure dif-
ferential between the membrane’s two sides is cre-
ated by the gradient of temperature across the mem-
brane, which drives a stream of water vapor via the 
dry pores in the membrane and into liquid form in 
a chilly region (Eleiwi et al. 2016). Micro-porous 
membranes were used in MD, and the membrane’s 
pores may be hydrophobic, meaning they reject 
water. They had be thermally stable, resistant to 
chemicals, and have a low resistance to mass trans-
fer. Due to its non-wettability by aqueous feeds, the 
hydrophobic polymer has been a popular choice for 
use as a membrane material in membrane distilla-
tion (Shukla et al. 2015). Although inexpensive, 
polymer membranes benefit from low surface po-
rosity and permeability due to their asymmetrical 
construction (Wang et al. 2012).

Recently, electrospun nanofiber polymeric 
membranes (ENMs) have been widely used in 
nonwoven electrospun nanofibers form because 
of their unique advantages, including high perme-
ability and surface area (Sabeeh and Waisi 2022). 
Electrospinning is an effective approach for pro-
ducing Using an electrostatic field on nonwoven 
nanofibers of varied sizes, and it can be used to 
create nonwoven nanofibers (Waisi 2019, Heik-
kilä and Harlin 2008). Scientists have already 
used electrospun nanofibers in several promis-
ing fields, including tissue engineering (Francis 
et al. 2010), indoor air purification (Sheraz et al. 
2023), oil/water separation (Li et al. 2022), or-
ganic solar cells (Haghighat Bayan et al. 2021), 
and in wastewater treatment and waste reduction, 
particularly in uses where the recovered materi-
als are highly valuable, such as recycling cool-
ants and aqueous cleansers used in machining 
(Cheryan and Rajagopalan 1998). 

In addition, ENMs membranes were applied 
in seawater desalination (Woo et al. 2021). Nano-
fibrous membranes produced by electrospinning 
exhibit very porous, with big pores, a very nar-
row distribution of pore sizes, and a very large 
surface area. Those qualities are essential if you 
want your MD process to generate a lot of wa-
ter vapor. Hybrid composite membranes made of 
electrospun nanofibers for effective antimicrobial 
action using polyacrylonitrile (PAN) nanofibers 
membranes (Shalaby, et al. 2018). Also mem-
brane distillation using electrospun polyvinyli-
dene fluoride (PVDF) fabrics (Hu et al. 2022). 
For desalination during membrane distillation, 
electrospun polyamide fiber membranes that have 
been surface fluorinated employing chemical 

vapor deposition of poly(1H,1H,2H,2H-perfluo-
rodecyl acrylate) (PPFDA) (Guo et al. 2015). For 
the purpose of treating highly salinized wastewa-
ter from industries using membrane distillation 
with omniphobic Hydrothermal fabrication of a 
nanofibrous membrane from polyvinylidene fluo-
ride-co-hexafluoropropylene (PVDF-HFP) nano-
fibers (Li et al. 2019), Membrane distillation with 
electrospun omniphobic membranes containing 
polydopamine and polyethylenimine (PDA/PEI) 
for the treatment of hypersaline effluent from the 
chemical industry (Meng, et al. 2023).

A double-layer PAN: PMMA nonwoven 
nanofiber membrane was created by electrospin-
ning two layers of nonwoven nanofiber: one made 
of polymethyl methacrylate (PMMA) on top the 
other of polyacrylonitrile created to determine the 
pore size suitability non-wettability for MD ap-
plication and may be hydrophobic and excellent 
chemical resistance. To achieve high rejection and 
low conductivity, the manufactured nanofibers 
membranes were used in DCMD applications and 
assessed using the water contact angle (WCA) and 
scanning electron microscopy (SEM).

MATERIALS AND METHODS

Materials

Membrane production has made use of mate-
rials with a molecular weight of 150,000 g/mole 
of PAN and 350,000 g/mole of PMMA. PMMA 
and PAN were selected because of their great 
heat and chemical resistance, abrasion, aging, 
and better thermal and chemical stability. PMMA 
and PAN can be dissolved in N, N-dimethylfor-
mamide (DMF) (density = 0.948 g/cm3) and for 
four hours while stirring continuously at 50 °C. 
NaCl, or sodium chloride, was utilized to make 
the salt water. The German chemical supplier 
Sigma-Aldrich was used for all of our purchases.

Membranes fabrication

The electrospinning method yielded a PAN-
based nonwoven nanofibers membrane, where 
polymer droplets are stretched to reduce sur-
face tension in an electric field. The solutions of 
polymeric were initially made through dissolv-
ing a predetermined polymer quantity in DMF 
that have been mixed repeatedly for five hours 
in order to prepare at 40 °C. After that, the dope 
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solution was degassed to get removal of any re-
maining air bubbles. After that, a plastic syringe 
was used to transfer the precursor solution, and 
the syringe pump was turned on. Afterward, a 0.7 
mm inner diameter metal needle was connected 
to the syringe’s nozzle. After that, a high voltage 
was used to force 2 mL/h of polymeric nanofiber 
through the metal needle and onto the spinning 
drum (at a speed of 130 rpm).

Nanofiber membranes made from PAN (10 
wt%) and PMMA (30 wt%) were the most com-
mon. The remaining nanofiber membranes were 
double-layers of PAN: PMMA (75:25, 50:50, and 
25:75) in varying proportions. The first step in 
making PAN-based nanofiber membranes for non-
woven applications was to spin a specific amount 
of a PAN/DMF solution 10 wt%. The top layer was 
made by spinning nonwoven nanofibers a 30 wt% 
PMMA/DMF precursor solution at 25 kV. 

Each membrane was spun with an identical 
needle-to-collector distance of 15 cm, rate of 
injection flow of 2 mL/hr, and collector the rate 
of 130 rpm. All the synthetic fibers were made 
at room temperature and humidity between 20% 
and 30%. Each membrane produced had a fiber 
size between 200 and 1000 nm. The electrospin-
ning method, which involves a high-voltage pull-
ing force acting on polymer droplets 22–25 kV 
electrostatic field, was ulitized to generate all of 
the membranes made of nanofibers used here. A 
metal needle, a syringe filled with typically, an 
electrospinning system consists of a polymer so-
lution, a voltage power source, and a collector. 
(Al-Furaiji et al., 2020,Waisi et al., 2019).

Preparation of NaCl solution 

To make the brine (feed solution), 70, 140, and 
210 grams of Annular (sodium chloride NaCl, M 
58.44, Didactic) were measured out using a deli-
cate balance (Kern-PLE 310-3N). One liter of dis-
tilled water was used to dissolve the samples, and 
a magnetic stirrer (MR Hei. Standard) combined 
the liquids completely. Electric conductivity in 
distilled water and other solutions can be mea-
sured using this meter (Model DDS 307).

Characterizing membranes

In this section, a thorough characterization was 
carried out using several methods. Before and af-
ter chloride alsodium (NaCl) removal, the surface 
structure and morphologies of pure PAN, pure 

PMMA, and double-layers of PAN: PMMA non-
woven nanofiber membranes were seen. The mem-
branes’ structural morphology is often analyzed 
using a scanning electron microscope (W. Zhou 
2006). SEM pictures of the fibers were used to 
determine their size distributions and typically 
their average diameter by taking 20 fiber diameter 
measurements for each membrane sample. 

These measurements were performed with 
Image J (National Institutes of Health, USA. It 
is possible to examine the hydrophobicity of the 
membranes’ surfaces by measuring water droplet 
contact angles as measured by a contact angle 
analyzer (Theta Lite TL-101).

Experimentation methods (DCMD efficiency) 

Figure 1 shows the experimental membrane 
distillation in direct contact (DCMD) setup. The 
DCMD carry out study only had around a 5-hour 
run time. In the DCMD method, the feed hot so-
lution was injected using a peristaltic pump. into 
the top side of the flat sheet-produced membrane 
at a flow rate regulated by a control valve and 
pressure gauge on the right side of the mem-
brane. The cold distillate water and the vapor 
water circle in the bottom side of the module via 
a peristaltic pump at a flow rate controlled by 
a control valve with and pressure gauge on the 
left side, while the vapor water can pass through 
the membrane due to the partial pressure driving 
force at the sides of the membrane. A hand-car-
ried English-made pump, chiller, and bath. The 
prepared seawater was stored in a 500 mL glass 
tank and heated in a water bath to various tem-
peratures, from 35 to 65 °C. According to Figure 
2, the DCMD Flat sheet membrane module was 
developed and built in Italy with a size of roughly 
6×6 cm2. The module is constructed from high-
heat-resistance silicones impervious to corrosion 
from the NaCl solution. To give you an idea of 
scale, each compartment is 4 cm long, 4 cm wide, 
and 2 mm thick. 

Within the direct contact module, the flow 
pathways were parallel. Figure 1 depicts the re-
sults of the heating control system’s measure-
ments of the feed streams’ inlet and output tem-
peratures. The constant change in the distilled 
water in the measuring cylinder was monitored to 
analyze the collected permeate volume through-
out the DCMD operation. Distilled water was re-
used in the feed tank to maintain a steady salinity 
in the feed solution.
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The following equation is used to calculate 
the permeate flux:

 Jv = V × ρ/A × t (1)

where: Jv – the vapor diffusion rate (in kilograms 
per square meter per hour), V – the amount 
of water collected in liters, is the water 
density in kilograms per cubic meter, A 
– the effective surface area of the mem-
brane in square meters, and t is the period 
in hours. The feed and permeate salt con-
centrations going into and coming out of 
the membrane module were measured us-
ing a conductivity meter (German-made 
Model DDS 307)(Ameen et al. 2020, Be-
auregard et al. 2020).

The following equation was used to deter-
mine the salt rejection:

 R(%) = [1 - (CP/CF)] ×100 (2)

In which R is the rejection of salt concentra-
tion of the permeates solution (CP) and concentra-
tion of the feed solution (CF). This study analyzed 
the DCMD performance in two phases, with feed 
temperatures ranging from 35 to 55 °C. To carry 
out The major studies on desalinating salt water, 
we first tested the prepared membrane’s perfor-
mance of the one layer and double layer at different 
amounts, a feed at several temperatures (i.e., 35, 
45, and 55 °C), using a feed flow rate of 0.6 L/min 
with feed salt concentrations at 70 g/L.

The permeate flux data showed that 
(25PAN:75PMMA) membranes were the best 
option for preparation. Three operating param-
eters were used to evaluate further the water va-
por flux, each with three different setups. Table 1 
summarizes the results of nine experiments with 
varying parameters to meet the Taguchi tech-
nique’s minimum and maximum requirements 
for experiment selection. The number of tests is 
shown by the nine rows, while the studied pa-
rameters at three levels each are represented by 
the three columns. Next, a set of minimal exper-
iments was conducted using the Taguchi tech-
nique on membranes made from a mixture of 
30% PMMA and 10% PAN (25PAN:75PMMA) 
at different feed temperatures (i.e., 35, 45, 55, 
and 65 °C), different feed salt concentrations 
(i.e., 70, 140, and 210 g/L), and different feed 
flow rates (i.e., 2, 0.4, and 0.6 L/min).

RESULTS AND DISCUSSION

Characterization of membranes 

Figure 3 offers SEM graphs of the surface mor-
phologies of the nanofiber membranes that were 
made with two layers of nonwoven material (PAN: 
PMMA) before DCMD experiments, in addition to 
scanning electron microscopy (SEM) pictures of 
the manufactured pure 30 wt% PMMA/DMF and 

Figure 1. The experimental setup for the DCMD process, 1 – bath for feed, 2 – pump for feed, 3 – 
rotameter for feed, 4 – inlet pressure gauge for feed, 5 – inlet temperature sensor for feed; 6 – outlet 

temperature sensor for feed, 7 – tank for feed, 8 – chiller for permeate, 9 – pump for chiller (permeate), 
10 – inlet pressure gauge for permeate, 11 – sensor for the inlet temperature for permeate, 12 – sensor for 

the outlet temperature for permeate, 13 – tank for permeate, 14 – membrane module, 15 – membrane
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Figure 2. The membrane module from the outside and inside

Figure 3. SEM of double-layer nonwoven nanofiber membranes (PAN: PMMA) 
that were prepared before MD experiments with the thickness (10 µm)

Table 1. DCMD experimentals using Taguchi technique requirements
Feed flow rate F (L/min)Feed concentration C (g/L)Feed temperature T (Cº)Run

0.270351

0.4140352

0.6210353

0.470454

0.6140455

0.2210456

0.670557

0.2140558

0.4210559
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pure 10 wt% PAN/DMF based nonwoven nanofi-
bers membranes. Images showed that membranes 
comprised 30 wt% PMMA/DMF and 10 wt% 
PAN/DMF contained homogeneous and continu-
ous nanofibers with average fiber sizes of 1055.7 
and 254.17 nm before DCMD processing. Broad, 
brittle PMMA fibers with a big fiber and pore size 
needed to be enhanced by joining them with fibers 
with a small fiber and pore size, similar to PAN’s 
pure nonwoven nanofiber membrane. Membrane 
layers of different sizes were seen, with smaller 
PAN-based fibers appearing at the bottom and big-
ger PMMA-based fibers forming a continuous top 
layer. The ratio of PMMA in the dual-layer mem-
brane influences the number of large fibers present 
in the membrane. Increasing the ratio of PMMA 
results in an increase in the number of large fibers 
(Waisi 2021). Fiber size increases from 254.17 nm 
for pure PAN to 328.66 nm for 75PAN:25PMMA, 
438.44 nm for 50PAN:50PMMA, and 613.52 nm 
for 25PAN:75PMMA, all while maintaining the 

same total thickness. All of the prepared (pure 
and double layer) membranes, before and after the 
DCMD procedure, were suitable for the MD sys-
tem based on the average fiber diameters. In terms 
of both change and rejection, the outcomes were 
uniformly positive.

The membrane’s suitable pores and hydro-
phobic nature in MD cause doesn’t need pressure 
on the membrane that causes fouling on the walls 
compared to reverse osmosis RO. However, little 
pore or fiber size expansion at high temperatures 
leads to modest wetting. After MD experiments, 
the double-layer membranes made from PAN and 
PMMA nonwoven nanofibers may be seen under 
a scanning electron microscope in Figure 4. After 
going through the DCMD procedure, the aver-
age fiber diameter of the PMMA/DMF (30 wt%) 
and PAN/DMF (10 wt%) membranes increased to 
1223.59 and 414.66 nm, respectively, as seen in 
the photos. Average fiber diameters acceptable for 
MD increased to 436.8, 534.68, and 678.08 nm, 

Figure 4. SEM of double-layer nonwoven nanofiber membranes (PAN: PMMA) 
that were prepared after MD experiments with thickness (10 µm)
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respectively, after being expanded in a hot solu-
tion for a variety of nanofiber membranes made 
of two-layer materials (PAN: PMMA) (25:75), 
(50:50), and (75:25).

Figure 5 also compares the measured water 
contact angles before and after MD. The best val-
ues for hydrophobicity acceptable for MD were 
found in all membranes made using nanofibers, 
and this success was recorded. Contact angles 
were greatest for the (25 PAN: 75 PMMA) nano-
fiber membrane, which is very hydrophobic. 
Therefore, a hydrophobic dual-layer nanofiber 
membrane (about 137.8°) was produced by spin-
ning a layer of very hydrophobic nanofibers made 
with PMMA (136.2o) on the layer of highly hy-
drophobic PAN-based nanofibers (110.1°).

In the same membrane, the generated wa-
ter-repellent nanofibers improved hydrophobic-
ity, preventing the membrane from becoming 
wet. With its superior hydrophobicity, the PAN 
nanofiber membrane achieved the lowest value. 
In contrast, the PMMA-based nanofiber mem-
brane had the greatest contact angle (Waisi, et 
al. 2019) because of its strong hydrophobicity. 
Hydrophobic dual-layer nanofiber membranes 

with PAN: PMMA ratios of 75:25 (around 
120°), 50:50 (around 126.3°), and 25:75 (around 
137.8°) were produced by spinning nanofibers 
made of very hydrophobic polymethyl meth-
acrylate (136.2°) on top of a layer of highly 
hydrophobic PAN-based nanofibers (110.1°). 
Hydrophobic and hydrophobic nanofibers in a 
single membrane prevented water from entering 
the holes by forcing it into the micro and rough 
structure, instead collecting saline droplets in-
side the hydrophobic fibers. Table 2 shows the 
characterizations of prepared membranes before 
and after membrane distillation. The mechani-
cal properties are better and more robust, and 
there is less wetting because of the percentage 
increase in fiber size expansion and the percent-
age decrease in contact angle at N4.

Membrane efficiency in distillation process 

The prepared membranes’ results are sum-
marized in Table 3; there, it is observed that 
(N1 and N5) membrane have a high flux despite 
their high conductivity and concentration and 
low rejection compared to the other membranes. 

Figure 5. Contact angle of the obtained double-layers (PAN: PMMA) membranes of 
nanofibers nonwoven before and after MD experiments (a) before MD (b) after MD
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However, (N4) membrane produced water of 
lower conductivity, salt concentration, and 
higher in rejection with very close rates in flux 
with N2 and N3. This is illustrated in Figure 6. 
The best ideal membrane was determined to be 
an N4 in (25PAN:75PMMA) preparation, and 
this membrane was tested using the DCMD 
system and the Taguchi method. 

The Taguchi technique was developed as a 
strong statistical framework strategy to improve 
manufacturing product quality. It has been em-
ployed to plan experiments to investigate the ef-
fects of different factors on the standard devia-
tion and value of any parameter measuring pro-
cess performance used to evaluate the process’s 
efficacy. The method relies on the an effective 
experimental design (DOEs) to reduce process 
variance (Safi, et al. 2020). 

An L9(3
3) using three levels of orthogonal ar-

ray variables was studied using the Taguchi meth-
od. Table 4 displays the experimental results for 
the flux and rejection produced membrane at (25 
PAN:75 PMMA). Almost 180 minutes had passed 
before the flow could be measured. As perfor-
mance qualities improve, so does permeate flux. 
Table 4 displays how the DCMD procedure’s per-
meate flux is affected by each parameter.

The orthogonality of the experiment allowed 
us to separate the influence of individual operat-
ing parameters on the overall effect (permeate flux) 
across a range of linear values. The constructed 
membrane response values are displayed in Table 
4. The optimal working conditions for these stud-
ies (higher performance characteristic) were 70 
g/L, 0.6 L/min, and 55 °C, as evidenced by the 
highest penetrate flux of 51.872 (kg/m2·h) for the 
constructed membrane. The average permeation 

Table 2. The characterizations of the prepared membranes
Decrease in 

contact angle 
%

Contact 
angle after 

MD

Contact 
angle before 

MD

Increase in 
fiber size %

Fiber size 
after MD

Fiber size 
before MD

Membrane 
namePolymer Wt.%

17.2593.9110.139414.66254.17N1PAN 100%

7.9111.1512025436.80328.66N275 PAN:25 PMMA

7.2117.85126.318534.68438.44N350 PAN:50 PMMA

4132.45137.79.5678.08613.52N425 PAN:75 PMMA

4.2130.65136.214%1223.591055.7N5PMMA 100%

Table 3. The distillation efficiency in the DCMD process of prepared membranes (70 g/L feed concentration at 55 
°C temperature of the feed and 0.6 L/min the rate of feed flow

Rejection %Conductivity (µs/cm)Concentration (g/L)Flux (kg/m2·h)Membrane name

96.7147012.361.761N1

99.1765230.5757.312N2

99.2234660.5455.331N3

99.3563340.4551.872N4

99.0576340.66045.138N5

Figure 6. Influence of different membranes on (a) flux, (b) conductivity, and rejection at 70 g/L 
feed concentration at 55 °C temperature of the feed and 0.6 L/min the rate of feed flow

a) b)
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flux values from each experiment run are used to 
illustrate the main effect plots. We observe that the 
mean of means has raised with increasing the tem-
perature of feed and the rate of feed flow, consis-
tent with the average reasonable permeate flux un-
der the specified operating parameters as shown by 
the imaginary line. Figure 7 shows that this value 
dropped as feed concentration increased. Each op-
erating condition parameter’s effect on the perme-
ate flux has been accounted for in the figure. The 
permeate flux was found to be most affected by the 
temperature of feed and least affected by the rate 
of feed flow. Using the statistical software pack-
age “Minitab” version17, the ability to calculate 
the flux of permeation in relation to the operational 
variables and generate an empirical correlation, the 
temperature of feed (T), the rate of feed flow (F), 
and the concentration of feed (C) as following re-
gression equation with R-sq = 95.34%:

 Flux = -5.11 + 0.931T – 0.0548C + 10.67F (3)

CONCLUSIONS

Highly organically permeable dual-layer 
nanofiber membranes were successfully cre-
ated in this work by means of electrospinning. 
Hydrophobic PMMA nanofibers were spun as a 
top layer on top of a hydrophobic PAN nanofiber 
membrane to create the manufactured membrane. 
Characterization of the manufactured mem-
branes revealed that the PMMA nanofiber layer’s 
spinning significantly impacted the PAN base 
layer regarding fiber size and wettability. Using 
a DCMD system, the various membranes were 
put through their paces in membrane distillation 
desalination. Dual-layer nanofiber membranes 
achieved high rejection, decreased wetting re-
sistance, and increased permeate flux. Several 
concentrations of the flat membrane sheet were 
successfully manufactured and used in DCMD 
membrane distillation. The effectiveness of N4 

Table 4. Taguchi L9(33) orthogonal array, and the conclusions from studies carried out on prepared membrane 
(M2). At 70 g/L feed concentration, 55 °C the temperature of feed, and 0.6 L/min the rate of feed flow

Rejection
%

Flux
(kg/m2·h)

The rate of feed flow F
(L/min)

The concentration of feed 
C (g/L)

Feed temperature
T (ºC)Run

99.52725.6710.270351

99.49124.0700.4140352

99.45023.1420.6210353

99.43334.9820.470454

99.42133.9170.6140455

99.39229.9720.2210456

99.35651.8720.670557

99.33040.4890.2140558

99.27036.3940.4210559

Figure 7. Effect of operating variables on mean of means: (a) feed 
temperature; (b) concentration (c) feed flow rate
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has been vastly enhanced. A conductivity of 
around 334 µs/cm and rejection of 99.356%, the 
best permeate flux (51.872 kg/m2·h) was gained 
by a 70 g/L solution at 55 °C the temperature 
of feed and 0.6 L/min the rate of feed flow. The 
temperature of feed increasing, the rate of feed 
flow decreasing, and increasing in NaCl content, 
resulted in a higher permeation flux. The perme-
ation flux is primarily affected by the tempera-
ture of feed and least by the rate of feed flow.
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